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Available online 8 February 2014AbstractForest soils are generally sinks of CH4 and sources of N2O. To characterize the dynamics of these major greenhouse gases in
central Siberia during the growing season, we measured fluxes from forest soil and assessed the relationships between CH4 and N2O
fluxes and forest floor vegetation types, soil temperature, and moisture conditions. At the soil surface, both CH4 uptake and
emission (6.6 to 3.1 mg CH4eC m2 h1) were observed, and CH4 fluxes did not differ among vegetation types. CH4 flux was
positively correlated with soil moisture, but not with soil temperature. The small CH4 uptake compared with previous reports was
due to CH4 production in response to high precipitation. N2O was also emitted and taken up by soil (0.2 to
0.4 mg N2OeN m
2 h1), and N2O fluxes did not differ among vegetation types. N2O flux was negatively correlated with soil
moisture and not correlated with soil temperature. Our findings suggest that high soil moisture and low availability of mineral
nitrogen resulted in N2O uptake due to denitrification. Furthermore, both CH4 and N2O were emitted from a river at the site; these
were produced in the basin of the riverbank rather than deep in the soil.
 2014 Elsevier B.V. and NIPR. All rights reserved.
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CH4 and N2O are major greenhouse gases (IPCC,
2007), and forest soils act as important sinks of CH4
and sources of N2O. CH4 uptake in forest soils in-
creases with increasing temperature (e.g., Roslev et al.,
1997), but it decreases with increasing soil moisture* Corresponding author. Tel.: þ81 88 844 1121; fax: þ81 88 844
1130.
E-mail address: morisita@affrc.go.jp (T. Morishita).
1873-9652/$ - see front matter  2014 Elsevier B.V. and NIPR. All rights
http://dx.doi.org/10.1016/j.polar.2014.01.004due to inhibition of CH4 diffusion from the atmosphere
into the soil (e.g., Castro et al., 1995) as well as CH4
production in the soil (e.g., Nykanen et al., 1998). N2O
is produced by nitrification and denitrification pro-
cesses, which are mainly controlled by temperature,
moisture, and inorganic nitrogen content (Sahrawat
and Keeny, 1986).
The Russian Federation has forests of
8.1  106 km2 in total area (FAO, 2005), of which 73%
are boreal forests (Kuusela, 1992). Larches are the
dominant conifer species in Russian boreal forestsreserved.
Fig. 1. Location of the study sites. Dissolved gases were measured at
sites marked with an “x”: 1, pits and spring; 2, stream; 3 and 4, upper
and lower points in the Kochechum River.
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eight percent of the larch forest in Russia is distrib-
uted in the continuous permafrost region of central and
northeastern Siberia and the Far East (Korovin et al.,
1998), and the area of these forests is greater than
the total area of boreal forests outside of Russia
(2.47  106 km2; Kuusela, 1992).
Measurements of CH4 and N2O fluxes in boreal
forests in Russia have been conducted in a birch forest
(Nakano et al., 2004) and mixed forests (Flessa et al.,
2008) in western Siberia, where forests are distrib-
uted mainly on discontinuous permafrost, in a larch
forest in the Yakutian Basin in a coniferous forest
(Morishita et al., 2003; Takakai et al., 2008), and in the
Far East without permafrost (Morishita et al., 2005). In
central Siberia, the climate is more continental than
that of the other boreal regions because of lower
temperature and less precipitation, and the ground
surface is often characterized by earth hummock
microtopography or a mosaic pattern of elevated
mounds and depressed troughs (less than 40 cm rela-
tive height). Furthermore, the ground surface is
covered with various lichens and mosses that are
generally distributed as patches that reflect local-scale
heterogeneity of temperature and moisture. For
example, Pleurozium schreberi (feather moss) is
widely distributed in boreal forests, especially at rela-
tively drier or mesic sites, whereas Aulacomnium
palustre (tufted moss), one of the major mosses in
boreal forests, prefers relatively wet conditions (Li and
Vitt, 1995). Thus, differences in the microhabitat dis-
tributions of these mosses likely reflect soil tempera-
ture and moisture conditions on the forest floor.
In addition to soil, surface waters such as rivers may
act as sources of CH4 and N2O, and these gases may
then be taken up by forest soils. High CH4 concen-
trations in deep soil and riparian zones have also been
reported (Sawamoto et al., 2002).
The objectives of the present study were to inves-
tigate the relationships between CH4 and N2O fluxes
and forest floor vegetation types, which reflect the soil
temperature and moisture conditions, and to charac-
terize the dynamics of these gases in a mature L.
gmelinii forest in central Siberia during the growing
season.
2. Materials and methods
2.1. Study site
This study was conducted from June 2005 to
September 2007 near the settlement of Tura (6416ʹN,10013ʹE) in central Siberia, Russia. The forest
consists of L. gmelinii trees that are about 100 years
old, which were established after an extensive stand-
replacing fire in the late 1890s (Kajimoto et al., 2007).
The study area is located in the continuous perma-
frost region (Osawa and Zyryanova, 2010). The
climate is ultra-continental and is characterized by a
large seasonal fluctuation in air temperature (from a
monthly mean of 15.8 C in July to 36.8 C in
January) and little annual precipitation (317 mm).
According to long-term observations, about 40% of the
annual precipitation is snowfall (Lydolph, 1977). The
soil type is classified as a Gelisol (IUSS Working
Group WRB, 2006), with permafrost and poor
drainage. The soil freezes completely from
mid-October until the beginning of May and thaws
near the ground surface (less than 100 cm in depth)
during the growing season.
Two study sites, CF (carbon flux site) and NF
(nitrogen fertilization site), were established to mea-
sure CH4 and N2O fluxes and the gas concentrations in
the soil (Fig. 1). The CF site is located about 20 km
upstream of Tura along the Nizhnyaya Tunguska River
(a primary branch of the Yenisei River) in central
Siberia. The site is on a flat to slightly north-facing
slope (<3; Table 1). The NF site is located about
5 km upstream of Tura along the Kochechum River (a
branch of the Nizhnyaya Tunguska River). The site is
on a northwest-facing slope of about 10e15, and there
are some small pits (diameter and depth of w30 cm)
that store water in the bottom. Tree density was similar
Table 1
Topography and vegetation at the study sites.
CF NF
Stand age in 2004 (years) 105 105
Slope aspect N NW
Slope inclination (degrees) <3 10e15
Tree density (ha1) 5480 5390
Stem diameter (cm) 3.15 4.52
Tree height (m) 3.41 5.54
Data are from Kajimoto et al. (2010).
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NF than CF (Table 1). In the site, all measurement was
conducted control plots where nitrogen fertilization
was not applied.
The forest floor vegetation is mainly composed of
the dwarf woody shrubs Vaccinium vitis-idaea, Vacci-
nium uliginosum, and Legume palustre. Several species
of lichen and moss also cover the forest floor as
patches (10e20 cm in thickness). Three species of
lichen (Cladina stellaris, coverage ratio of 20%) and
mosses (P. schreberi and A. palustre, coverage ratios of
35% and 25%, respectively) are dominant at CF,
whereas P. schreberi accounts for more than 50% of
the cover and is dominant at NF. The Aulacomnium
patches tended to be within 5- to 10-cm depressions in
the ground, but there was no clear difference in
thickness of the soil organic layer among the species.
More detailed information on the study site was
provided elsewhere: for soil, see Matuura and Hirobe
(2010), for vegetation and geography, see Osawa and
Zyryanova (2010), and for forest structure, see
Kajimoto et al. (2010).
2.2. Measurement of CH4 and N2O flux and concen-
tration in soil
To measure CH4 and N2O fluxes, two patches each
of C. stellaris, P. schreberi, and A. palustre were
selected at CF and six patches of P. schreberi were
selected at NF. They were about 2 m apart from one
another. The gas fluxes were measured in eight periods
during three growing seasons (2005e2007). Because
no diurnal changes in CH4 and N2O fluxes were
observed in previous studies at the same site (Morishita
et al., 2006), in this study gas fluxes were measured
from two to five times per day. CH4 and N2O fluxes
were measured by applying a closed-chamber tech-
nique (Melling et al., 2005; Morishita et al., 2003;
Takakai et al., 2008). A columnar, stainless steel
chamber (25 cm in height, 20 cm in diameter) was
installed in each patch. The vegetation inside eachchamber was removed, and the chamber was pushed
into the humus layer to a depth of 3e5 cm. The
chamber was left overnight to reduce the effect of
disturbance on subsequent measurements. At 0, 20, 40,
and 60 min after the lid was closed, a 20-mL gas
sample was taken into a 10-mL vacuum glass bottle
sealed with a butyl rubber stopper and a plastic cup. At
the same time, soil temperature at a depth of 5 cm and
soil moisture as volumetric water content at a depth of
0e12 cm were measured with a TDR (Hydrosense
TM, Campbell Scientific Australia Pty. Ltd.).
To collect soil gas, three stainless steel pipes (9 mm
in diameter) were installed at depths of 5, 10, 15, 20,
40, and 50 cm around each chamber according to the
method described by Morishita et al. (2003). The pipes
were sealed by a three-way cock and kept overnight to
allow gas concentrations in the pipes to equilibrate
with soil air. The three 50-mL air samples from pipes
installed at the same depth were collected in the same
Tedlar bag. At the same time, air on the surface of
forest floor was collected in a Tedlar bag as a sample of
soil air at a depth of 0 cm. A 20-mL air sample from
each Tedlar bag was then transferred to a 10-mL vac-
uum glass bottle.
2.3. Measurement of dissolved CH4 and N2O con-
centration in water
The dissolved CH4 and N2O concentrations in pits
and a spring at NF (no. 1 in Fig. 1), a stream at lower
elevation than NF (no. 2 in Fig. 1), and at upper and
lower points in the Kochechum River (nos. 3 and 4 in
Fig. 1) were determined in 2005 according to the
method described by McAullife (1971) and Sawamoto
et al. (2002, 2006). At each site, a 50-mL water sample
was taken with a 100-mL plastic syringe, and 50 mL of
air was immediately drawn into the syringe. Then the
syringe was vigorously shaken by hand for 3 min, and
a 20-mL air sample from the headspace was taken into
a 10-mL vacuum glass bottle. Three replications were
applied.
2.4. Gas analysis and calculation of flux
The methods for analyzing CH4 and N2O concen-
trations and flux calculation were described in detail
previously (Morishita et al., 2007b, 2011). In brief,
CH4 and N2O concentrations were determined using a
gas chromatograph with a flame ionization detector
and an electron-capture detector (Shimadzu GC-14B,
Kyoto, Japan). The minimum detectable CH4 and
N2O concentrations were 0.02 and 0.03 mL L
1,
Table 2
Summary of mean (standard deviation) soil moisture, CH4 flux, and N2O flux in different vegetation patches.
Aulacomnium Cladina Pleurozium (CF) Pleurozium (NF)
Water content (m3 m3) 0.43  0.15a 0.35  0.15ab 0.34  0.14b 0.21  0.05c
CH4 flux (mg C m
2 h1) 0.2  7.2a 0.4  4.6a 3.2  5.0a 1.6  2.2a
N2O flux (mg N m
2 h1) 0.0  0.9a 0.0  0.6a 0.2  0.8a 0.2  0.4a
Different letters within each row indicate significant differences (Fisher’s least-significant-difference test, P < 0.05).
Fig. 2. CH4 flux from each type of vegetation patch across the
measurement period. Error bars are standard deviations.
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linear regression of four samples.
2.5. Statistical analysis
For each of the vegetation types (i.e., Cladina,
Aulacomnium, and Pleurozium at CF and Pleurozium at
NF), mean and standard deviation of soil temperature
and moisture and CH4 and N2O fluxes were calculated
by pooling the data measured at two CF and six NF
patches. Two-way analysis of variance (followed by
Fisher’s least-significant-difference test) was used to
compare these yearly mean values among the vegeta-
tion types, with the tests performed using the Microsoft
Excel statistical software ver. 2008 (SSRI Co. Ltd.,
Tokyo, Japan). Differences were considered to be sig-
nificant at P < 0.05.
3. Results
3.1. Precipitation and soil moisture condition
Precipitation data were obtained from CRUTS
(Climatic Research Unit Time-Series Datasets), which
are calculated based on high-resolution (0.5  0.5)
grids and an archive of monthly mean temperatures
provided by more than 4000 weather stations distrib-
uted around the world (CRU, 2008; Mitchell and Jones,
2005). The total precipitation at our study site in 2007
(466 mm) was greater than that in 2005 (290 mm) and
2006 (288 mm), with the 2005 and 2006 totals being
similar to the annual mean value of 317 mm based on
long-term observations in the region (Lydolph, 1977).
During the measurement period from May to
September in 2007, total precipitation was 349 mm,
and the maximum monthly precipitation of 123 mm
occurred in August. In contrast, it was a very dry
summer in 2006, with a total precipitation in July of
only 8 mm.
There were significant differences in soil moisture
among the patches (P < 0.01; Table 2), and the values
were in the order Aulacomnium
(0.43  0.15 m3 m3) > Pleurozium at CF
(0.34  0.14 m3 m3) > Pleurozium at NF(0.21  0.05 m3 m3). Soil moisture in all patches also
varied among years (P < 0.01): 2007
(0.45  0.15 m3 m3) > 2005 (0.25  0.07 m3 m3)
and 2006 (0.29  0.09 m3 m3).
3.2. Seasonal changes in CH4 and N2O fluxes
CH4 fluxes in each period were compared among
the patches (Fig. 2). Both CH4 uptake and emission
were observed in every patch, and there were no clear
seasonal changes in the fluxes. The highest mean CH4
emission (10 mg CH4eC m
2 h1) occurred in July
2007 in Aulacomnium patches, and the highest mean
CH4 uptake (13 mg CH4eC m2 h1) occurred in
August 2006 in Pleurozium patches at CF. CH4 in
Pleurozium patches at both CF and NF (3.2 to
1.6 mg CH4eC m2 h1) had a tendency to be taken
up into the soil, whereas CH4 in Aulacomnium
(0.2  7.2 mg CH4eC m2 h1) and Cladina
(0.4  4.6 mg CH4eC m2 h1) patches tended to be
emitted, though the differences were not significant
(Table 2). On the other hand, there were significant
differences in the CH4 fluxes between 2006 and 2007
(P < 0.05): CH4 was taken up into the soil in 2006
(6.6  4.1 mg CH4eC m2 h1), but was emitted in
2007 (3.1  4.3 mg CH4eC m2 h1; Table 3).
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uptake were observed in every patch, and no clear
seasonal changes in the fluxes were observed (Fig. 3).
The highest mean N2O emission
(1.6 mg N2OeN m
2 h1) occurred in July 2005 in
Pleurozium patches at CF, and the highest mean N2O
uptake (1.4 mg N2OeN m2 h1) occurred in
September 2007 in Pleurozium patches at CF. In
contrast to the CH4 fluxes, there were no differences in
N2O flux among the patches (Table 2) or years
(Table 3).
The CH4 and N2O fluxes were correlated with soil
moisture (Fig. 4c, d) but not with soil temperature
(Fig. 4a, b). CH4 flux was positively correlated with
soil moisture (r ¼ 0.48, P ¼ 0.01; Fig. 4c), whereas
N2O flux showed a negative correlation (r ¼ 0.47,
P ¼ 0.02; Fig. 4d). Higher CH4 emissions were
observed in Aulacomnium and Cladina patches
(Fig. 5a), especially in 2007 (Fig. 5c), whereas N2O
uptake was observed in all patches (Fig. 5b) and in
every year (Fig. 5d).
3.3. CH4 and N2O concentrations in soil and water
Mean CH4 and N2O concentrations in the soil in
2006 are shown in Fig. 6. In 2007, most gas samples in
the pipes could not be collected due to the high water
level. The CH4 concentration in the soil markedly
decreased with increasing soil depth to 20 cm, and then
showed only a slight increase with increasing soil
depth below 20 cm (Fig. 6a). In contrast, the N2O
concentration in the soil increased with increasing soil
depth (Fig. 6b). The N2O concentrations at a depth of
50 cm in Pleurozium patches at NF (0.52 ppmv) and
Aulacomnium patches (0.40 ppmv) were notably
higher than the atmospheric N2O concentration of
0.32 ppmv.
The lowest and highest CH4 concentrations were
observed in the stream (0.01 mg CH4eC L
1, no. 2 in
Fig. 1) and the lower site in the Kochechum River
(0.39 mg CH4eC L
1, no. 4 in Fig. 1), respectively.Table 3
Summary of CH4 and N2O fluxes in different years (mean  standard
deviation).
CH4 flux
(mg C m2 h1)
N2O flux
(mg N m2 h1)
2005 1.3  1.4ab 0.2  0.8a
2006 6.6  4.1b 0.4  0.6a
2007 3.1  4.3a 0.2  0.6a
Different letters within each column indicate significant differences
(Fisher’s least-significant-difference test, P < 0.05).Mean dissolved CH4 concentrations in the water
ranged from 0.078 mg CH4eC L
1 in the stream to
0.210 mg CH4eC L
1 at site no. 4 (Fig. 7a), which
indicated supersaturation (2.5e6.8 times higher than
ambient concentration under the same temperature
condition). Both the lowest and highest N2O concen-
trations were observed at site no. 4. Mean dissolved
N2O concentration also indicated supersaturation
(1.9e2.9 times higher than the ambient concentration
under the same temperature condition), with values
ranging from 0.48 mg N2OeN L
1 in the pits (no. 1 in
Fig. 1) to 0.73 mg N2OeN L
1 at site no. 4.
3.4. Comparison of growing-season gas fluxes be-
tween this and other boreal forests in Russia
>The CH4 flux in the present study (6.6 to
3.1 mg CH4eC m
2 h1) was higher than values pre-
viously reported for a larch forest in eastern Siberia
(17 to 13 mg CH4eC m2 h1; Morishita et al.,
2003), for a birch forest in western Siberia (280 to
92 mg CH4eC m2 h1; Nakano et al., 2004), in the
forest tundra along the lower Yenisei River (60 to
10 mg CH4eC m2 h1; Flessa et al., 2008), and in a
coniferous forest in the Far East
(63  30 mg CH4eC m2 h1; Morishita et al.,
2005). This comparison indicates that CH4 uptake at
our study site in central Siberia was lower than that in
other boreal forests in Russia.
The N2O flux in the present study (0.2 to
0.4 mg N2OeN m
2 h1) was similar to values previ-
ously reported in larch forest in eastern Siberia (2.1 to
1.0 mg N2OeN m
2 h1, Morishita et al., 2007a; e0.3
to 4.6 mg N2OeN m
2 h1, Takakai et al., 2008) and inFig. 3. N2O flux from each type of vegetation patch across the
measurement period. Error bars are standard deviations.
Fig. 4. Relationships between CH4 and N2O fluxes and soil temperature and moisture.
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2 h1;
Corre et al., 1999; Klemedtsson et al., 1997).
4. Discussion
4.1. Factors controlling CH4 and N2O fluxes from the
forest soil
We found that CH4 uptake in the forest was smaller
than previously reported. Little uptake of CH4 from the
atmosphere to the soil indicates CH4 production in the
soil. CH4 flux from soils occurs as a result of the
balance between CH4 production and consumption in
the soil (Conrad, 1995), even in aerobic forest soils.Fig. 5. Relationships between CH4 and N2O fluxes and soil moisturFor example, the organic horizon produced CH4 in a
pine and aspen forest in Manitoba, Canada (Bender
and Conrad, 1995), in a mixed forest on a luvisol in
Germany and Switzerland (Prieme et al., 1996), and in
an 80-year-old oak forest in the United Kingdom
(Bradford et al., 2001). In the present study, the CH4
flux was not correlated with soil temperature (Fig. 4a).
This offset was caused by both CH4 production and
consumption increasing at higher temperature. In many
coniferous boreal forest soils, CH4 uptake increased
with increasing temperature in field studies (e.g.,
Roslev et al., 1997; Steinkamp et al., 2001), as well as
in incubation experiments (e.g., Whalen and Reeburgh,
1996). In many boreal wetland soils, however, CH4e in (a, b) each type of vegetation patch and (c, d) each year.
Fig. 6. Mean CH4 and N2O concentrations at various soil depths in
each vegetation patch in 2006.
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studies (e.g., Bartlett et al., 1992; Hargreaves and
Fowler, 1998) and incubation experiments (e.g.,
Moore and Dalva, 1993).
In 2007, most gas samples in the pipes at CF could
not be collected due to high water levels in the soil.
This study site was a forest, not a wetland, but the soil
sometimes had high moisture content. The forest in
this study served as a CH4 sink in 2005 and 2006, but it
changed to a source of CH4 in 2007 (Fig. 2), and the
CH4 flux increased with increasing soil moisture
(Fig. 4c, Fig. 5a and c). An increase in soil moisture
can lead to increased CH4 production due to the
development of anaerobic conditions (Mer and Roger,
2001). Annual precipitation in 2007 was much greaterFig. 7. Dissolved CH4 and N2O concentrations in the water collected
from pits (no. 1 in Fig. 1), a spring (no. 1), a stream (no. 2), and the
Kochechum River (nos. 3 and 4) in 2006. Error bars are standard
deviations. Dotted lines indicate the ambient CH4 or N2O concen-
trations at 10 C.than that in 2005 and 2006, especially during the
growing season. Thus, the high soil moisture content in
2007 was due to the high precipitation, which resulted
in CH4 emission.
We found that A. palustre patches had significantly
higher soil moisture than that of P. schreberi patches at
both CF and NF (Table 2). At our study site, A. palustre
dominates the lower parts of the microtopography (i.e.,
depressions), where the soil is poorly drained. A. pal-
ustre has been found to use such microhabitats in other
forest ecosystems as well (Li and Vitt, 1995). On the
permafrost, water supplied from rain and seasonally
thawing soil is likely to remain in such depressions.
Thus, as expected from these conditions, CH4 was
emitted from Aulacomnium patches in every measure-
ment in 2007. The amount of CH4 emission in Cladina
patches was similar to that in Aulacomnium patches
(Table 2), especially in 2007 (Fig. 2), despite the similar
or lower soil moisture content in the former patches
(Table 2). SometimesC. stellaris is distributed on coarse
woody debris (Johnson et al., 1995). A transect study
across Siberian and European tundra found that high
concentrations of organic material provide a substrate
for CH4 production and can produce anoxic conditions
(Christensen et al., 1995). Thus, in the Cladina patches,
the relatively high CH4 emission might be due to a high
organic material content.
The soil moisture content measured in the present
study (Table 2) was higher than that in previous studies
conducted in boreal forests. For example, Morishita
et al. (2003) reported CH4 uptake of 17 to
13 mg CH4eC m2 h1 in a larch forest in eastern
Siberia, where the soil moisture content was less than
0.20 m3 m3. In a birch forest in western Siberia,
Nakano et al. (2004) measured CH4 uptake of 280 to
92 mg CH4eC m2 h1 and soil moisture content of
less than 0.15 m3 m3. Morishita et al. (2005) reported
CH4 uptake of 63  30 mg CH4eC m2 h1 in a
coniferous forest in the Far East, where the soil
moisture content was 0.34  0.14 m3 m3. Thus, the
higher soil moisture content in this study appears to be
related to the smaller CH4 uptake compared with that
in other boreal forests.
In our study site, both N2O emission and uptake were
observed. Generally, N2O is produced by nitrification
and denitrification processes and subsequently emitted
(Sahrawat and Keeny, 1986), and it is consumed under
anaerobic conditions due to denitrification (Aulakh
et al., 1992). Because CH4 emission was observed at
this study site (Fig. 2), anaerobic conditions may have
existed. In addition, N2O consumption in aerated soils is
related to low inorganic nitrogen input into the soil and
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et al., 2007). Tokuchi et al. (2010) found that the
immobilization of inorganic nitrogen was dominant in
the organic layer and surface soil at our study site. These
findings suggest that the high soil moisture content and
the low availability of mineral nitrogen led to N2O up-
take at this study site due to denitrification. TheN2Oflux
was not correlated with soil temperature (Fig. 4b),
although increasing soil temperature was reported to
enhance N2O flux in coniferous forests (Sitaula and
Bakken, 1993). In general, nitrification and denitrifica-
tion regulate the production and consumption of N2O,
and soil temperature is an important factor in both pro-
cesses (Sahrawat and Keeny, 1986). Because both N2O
production and consumption due to denitrification
increased with an increase in temperature, soil temper-
ature had no clear effect on N2O uptake in this study.
4.2. Source of the dissolved CH4 and N2O in the river
water
In the surface soil, both emission and uptake of CH4
and N2O were observed (Figs. 2 and 3), whereas these
gas concentrations in water samples were always
higher than ambient concentrations (Fig. 7). Two
possible CH4 and N2O sources can be considered:
production in the deep part of the forest soil, and
production in the basin of the Kochechum River bank.
At this study site, the CH4 concentration in the soil
decreased with increasing soil depth, but increased
again at depths of 40e50 cm (Fig. 6a), and N2O con-
centrations in the soil suddenly increased at depths of
40e50 cm (Fig. 6b). These increasing trends indicate
that CH4 and N2O were produced in deep parts of the
soil. The mineralization process of inorganic nitrogen
occurs in deeper soil, and immobilization is dominant
in the surface soil (Tokuchi et al., 2010). Therefore,
N2O was produced from the mineralized nitrogen
through nitrification and denitrification processes in the
deep part of the soil. However, this source’s contribu-
tion to the river water might be very small. In addition,
the CH4 concentration in the river water was always
higher than that in the atmosphere (Fig. 7a), but the
CH4 concentration in the soil air was lower than that in
the atmosphere (Fig. 6a). If the contribution from the
deep soil was larger, then the CH4 concentration in the
river water would be lower than that in the atmosphere.
The highest CH4 concentration was observed in the
downstream of the river (no. 4 in Fig. 1), not in the
forest. Furthermore, higher CH4 concentrations were
found during spring, when the largest discharge of
Kochechum River occurs due to snowmelt, whichdischarge accounts for 46e67%, and originated from
the basin (Prokushkin et al., 2011). The topography
was flat (<5) at the bottom part of the slope below NF
(Matuura and Hirobe, 2010), and the soils are wetter
than at NF (Kajimoto et al., 2010). In the basin of the
riverbank, high soil moisture would promote CH4 and
N2O production during the growing season due to the
development of anaerobic conditions (Mer and Roger,
2001). Thus, after autumn, CH4 and N2O were stored
in the soil because of low precipitation and freezing. In
the following spring, CH4 and N2O were discharged
into the river through snowmelt water.
5. Conclusion
At our study site, both uptake and emission of CH4
and N2O were observed, and there was no difference in
the gas fluxes among the vegetation types on the forest
floor. However, CH4 emission and N2O uptake were
observed in the patches where soil moisture was
higher. In this study, soil temperature did not control
the gas fluxes due to simultaneous production and
consumption of the gases. In the Aulacomnium patches,
CH4 flux changed from uptake in 2006 to emission in
2007, which was caused by high precipitation.
Furthermore, the river was a source of both CH4 and
N2O, which were produced in the basin of the river-
bank rather than in the deep part of the soil. Our
findings suggest that the anticipated changes in the
pattern and amount of precipitation caused by global
warming in this region could affect the area and the
size of sources and sinks of CH4 and N2O.
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